Rapid concentration and detection of bacteria in integrated chips and microfluidic devices is needed for the advancement of lab-on-a-chip devices because current detection methods require high concentrations of bacteria which render them impractical. We present a new chip-scale rapid bacteria concentration technique combined with surface-enhanced Raman scattering ͑SERS͒ to enhance the detection of low bacteria count samples. This concentration technique relies on convection by a long-range converging vortex to concentrate the bacteria into a packed mound of 200 m in diameter within 15 min. Concentration of bioparticle samples as low as 10 4 colony forming units ͑CFU͒/ml are presented using batch volumes as large as 150 l. Mixtures of silver nanoparticles with Saccharomyces cerevisiae, Escherichia coli F-amp, and Bacillus subtilis produce distinct and noticeably different Raman spectra, illustrating that this technique can be used as a detection and identification tool.
INTRODUCTION
The analysis of pathogens viz. bacteria and viruses has proven to be difficult because of the low pathogen counts, ϳ10 3 colony forming units ͑CFU͒/ml that is typically found in biological samples from living sources. Standard laboratory techniques would require the samples to be cultured to increase the concentration of bacteria by three orders of magnitude or more. This culturing step is a slow process that can consume anywhere from 24 h to weeks. The contribution of on-chip diagnostics to minimize the time needed for diagnosis is the removal of the bottleneck in time of sample culturing and instead to trap and concentrate the bacteria in the original sample to one location. Thus, the bacteria count at that location will be higher and can be seen with and without fluorescence. 1, 2 Hence, by eliminating lab culturing steps, "Point-of-care" testing and other rapid diagnostics for malaria, environmental, and food borne pathogens can be developed for faster and portable detection methods.
Current on-chip concentration techniques employ electrokinetic methods, such as AC dielectrophoresis ͑DEP͒ and electrophoresis ͑EP͒ to manipulate and concentrate the bacteria. 3 DEP is the polarization of a particle in a nonuniform electric field, such that the particle will be attracted to regions of high field or low field, depending upon its polarizability relative to the medium. 4 The appeal of using DEP is its sensitivity to variations in size, shape, and conductivity of the particles. These particle characteristics can be used as a tool for separating different species, live and dead bacteria, and mixtures of bioparticles. 5 Moreover, this sensitivity can be tuned by varying the applied AC frequency and the conductivity of the solution to enhance or minimize the differences in the bioparticles that are being separated and concentrated. 6, 7 However, the DEP force on the a͒ Author to whom correspondence should be addressed. Electronic mail: hchang@nd.edu BIOMICROFLUIDICS 1, 014106 ͑2007͒ gerprint" of the bioparticle. 16 This "fingerprint" of bacteria, DNA, and bio-materials has led to the recent interest in using Raman spectroscopy for detection. However, Raman scattering is a weak scattering effect, roughly only 1 in 10 6 photons that scatter results in a Raman scatter. Thus, the bioparticles must be present in very high concentrations to obtain a definitive spectrum or the scanning time must be increased to reach sufficient Raman scattering. The fastest reported time for bacteria detection with Raman spectroscopy is 6 h, where no preconcentration was performed and considerable culturing of the bacteria was used. 17 With the addition of metal nanoparticles to the bioparticles suspension, the scattering efficiency can be enhanced up to a factor of 10 6 . However, these metal nanoparticles must be chemically bonded, adsorbed on the surface of, or be in close proximity to the bioparticles such that its electron cloud will interact with the bioparticle's electrons. The metal nanoparticles will enhance the polarizability of the bioparticle, thus increasing the Raman scattering and intensity of the Raman shifts. 18 This enhanced Raman scattering with metal nanoparticles, surface-enhanced Raman scattering ͑SERS͒, is currently being investigated for the rapid detection of bacteria in realistic sample concentrations. Using SERS, lower concentration limits have been shown to be able to identify complex structures and differentiate species in bacteria, chemical agents, and nucleic material. 16, 19 A scanning time of only 20 s has been reported for the rapid detection of bacteria using SERS, however, the concentration of bacteria used was directly from a growth plate ͑ϳ10 9 CFU/ ml͒. 20 Another difficulty in detecting bacteria with spectroscopy is that the bacteria needs to be immobilized, either in the suspension or on a substrate. This process can be accomplished using optical tweezers to eliminate Brownian motion away from the beam during scanning. However, optical tweezers can be detrimental to the bacteria if focused on the bacteria for long periods of time. 15 Though concentration limits are lowered with SERS, it is still too high for on-chip diagnostics and needs to be coupled with a preconcentration method prior to using SERS to identify a sample. To our knowledge, the coupling of Raman spectroscopy with a preconcentration microfluidic method has not published in literature as of yet.
In this article, we present a novel coupling of a preconcentration method with SERS to rapidly concentrate and detect low bioparticle count samples. The concentration of bacteria to one location enhanced the detection of the Raman scattering by increasing the location concentration that is being processed. On-chip detection using SERS can be performed on the concentrated location with no additional sample preparation. A 150 l sample is shown to be concentrated using a discharge driven vortex to convect the particles to a converging flow stagnation point where gravitational forces or separate Coulombic forces prevent the particles from resuspending. Within 15 min, the concentration vortex yields a packed mound with a width of ϳ200 m. Latex particles, Saccharomyces cerevisiae, Escherichia coli, and Bacillus subtilis were concentrated using this vortex and detected using Raman spectroscopy. Adding silver nanoparticles to the bioparticle suspensions produced distinctly enhanced and different signals for the three types of bioparticles. Concentrations as low as 10 4 CFU/ ml were detectable using the discharge driven vortex to preconcentrate the bioparticles, creating a locally high concentration of bioparticles. A secondary electrode configuration was developed to couple electrophoretic effects with the hydrodynamic flow to enhance the trapping efficiency of submicron bioparticles and to immobilize bioparticles onto an electrode surface.
THEORY

Ionic wind generation
Charge buildup on a sharp tip electrode under a high frequency AC field ͑ϳ20-180 kHz͒ can create a stream of ions away from the tip towards a ground electrode. This stream of ions, an ionic wind, is generated at the tip due to its sharpness and corona discharge effects. 21, 22 As the ions are propelled from this sharp electrode, they collide with air molecules which in turn collide with the liquid surface, thus imparting their momentum onto the liquid interface. A continuous stream of ions from the electrode tip acts as a point source of momentum on the liquid interface, driving an interfacial flow. With the liquid being confined by solid boundaries, vortices are generated on the surface. It has been shown that the size, shape, direction of rotation, and angular velocity is dictated by the placement of the sharp electrode with respect to the liquid surface and the magnitude of the applied field. 21 With the electrode placed at the center, a symmetric system of equal sized vortices is produced, while an off-center placement makes one of the vortices dominant. For our purposes, a single dominating vortex is desired and consequently the sharp electrode is placed near the corner of the liquid bulk and suspended ϳ4 mm above the liquid surface. The electrode configuration is shown in the schematic in Fig. 1͑a͒ . The electrode at the bottom of the reservoir is a square electrode that covers the entire reservoir bottom and acts as a ground for the system. It should be noted that the sharp tip, which is the working electrode is not in contact with the liquid sample, which is a distinct advantage.
Flow field
The interfacial vortex driven by the ionic wind generates a bulk flow in the reservoir that is similar to the classical spiral flow below a rotating disk. 23 When inertia can be neglected, then the liquid flow mirrors the motion of the rotating plate and an azimuthal vortex is produced. At creeping flow conditions with the equations and boundary conditions being linear, the spatial symmetry of the boundary conditions is preserved, 24 with velocity at any axial position directly proportional to its angular velocity and its relative height, which is the ratio of the axial distance from the bottom substrate to the height of the liquid chamber. The second proportionality is due to no-slip at the bottom substrate and maximum velocity on the rotating surface. Consequently, the axial and radial velocities are identically zero everywhere in the domain and the flow field is azimuthal. At higher Reynolds numbers, ϳ10, a secondary inertial flow is generated, which is directed radially outwards at the surface of the liquid due to a centrifugal force and radially inwards at the bottom due to flow continuity. At the center of the vortex on the bottom of the reservoir, the liquid is pushed upward again and the entire cycle is repeated. The combination of these two flow fields' results in a spiral or a torrodial flow field, depending upon the actual magnitude of the secondary flow with respect to the primary flow, through the entire bulk, as sketched in Fig. 2͑a͒ , and a converging flow stagnation point on the bottom of the chamber, as depicted in Fig. 2͑b͒ . Particles present in the liquid bulk will be convected by the flow and follow the fluid streamlines, especially on the free liquid surface. Near the stagnation point, however, the fluid velocity is reduced due to a no-slip condition on the stationary substrate. Depending upon the FIG. 1. Schematic of the experimental set-up: A sharp tip needle electrode is connected to an AC waveform generator and a ground electrode on the glass slide. The needle is suspended 4 mm above a liquid sample that is held in a chamber that is 9 mm in diameter and 2.5 mm deep. ͑a͒ An image of the glass slide with a square electrode as the ground electrode. ͑b͒ An image of the glass slide with secondary electrodes fabricated at the center of the ground electrode.
relative magnitude of the sedimentation force as well as the hydrodynamic force on the particle, the particles can either be drawn to the substrate by gravity, or be resuspended into the bulk. Thus, this converging flow field coupled with a particle body force, gravity in this case, creates a particle trap at the stagnation point. This flow field has been shown to be able to separate red blood cells from the plasma in blood samples as a microfluidic blood separator. 25 As the convection velocity exceeds 1 cm/ s, the trapping is rapid. Hence, this far-reaching microflow significantly extends the domain of attraction of short-range DEP traps. Since sedimentation is clearly contingent upon the volume and density of the particle, there is a critical limit to the size and density of the particle that can be trapped that is dependent upon the liquid velocity. Smaller particles are less affected by gravity and are more likely to resuspend at higher velocities. Additionally, larger particles will settle faster than the circulation time of the inertial flow and the particles will settle to the bottom of the chamber, but will not be convected to the stagnation region. Therefore, there is an optimum velocity profile for trapping depending upon the particle dimensions and specific gravity. Given the small size of most bacteria, resuspension is a problem. Additionally, since the bacteria are negatively charged, there is significant Coulombic repulsion among them, which makes aggregation difficult. Consequently, additional body forces on the bacteria are needed to augment gravitational sedimentation and prevent resuspension.
Spiral electrode
To aid in the immobilization of the bacteria on the electrode substrate an additional spiral electrode was fabricated at the predetermined concentration location. When a small DC bias is applied through the electrode, roughly 3 V, the particles, which are slightly negatively charged are attracted to the postively charged electrode. This additional force on the particles in the z-direction at the stagnation point increases the net body force on the particles in the suspensions, allowing for micron and submicron particles to be trapped on the electrodes as well as increases the quantity of particles that can be trapped. In addition to extenting the criteria for the size of the particle that can be trapped, the particles were immobilized onto a gold electrode surface, increasing the Raman signal.
EXPERIMENTAL SECTION Materials
A 35 nm electrode ͑5 nm Ti/ 30 nm Au͒ was fabricated by electron beam lithography on a surface treated glass slide using standard lithography techniques. Two designs were used, a square and a spiral electrode. The square electrodes were fabricated with dimensions of a 1.3 cm by 1.3 cm 2 , while the spiral electrode measured 110 m wide with a 10 m electrode 10 m gap spiral and was surrounded by the ground electrode, as seen in Fig. 9 . All the electrodes were connected to contact pads on the opposite end of the glass slides. Isolation reservoirs ͑Grace Biolabs, USA͒ measuring 9 mm in diameter and 2.5 mm deep were aligned on the glass slide with an adhesive coating on one side which was used to adhere the well onto the electrode/glass surface. When the liquid was filled in the well, the top surface of the liquid remained a free surface. A sharp tip syringe needle was used as the live electrode and both the needle and the ground electrode were connected to a high voltage transformer. The needle was suspended ϳ4 mm above the sample so that the needle was not in contact with the liquid. Although a large sized power source during the development of this technique was used for precise generation of the electric signals needed, the power supply can be miniaturized to a hand-held generator. The sinusoidal AC signal was generated by a function/arbitrary waveform generator ͑Agilent 33220A͒ and magnified through a RF amplifier ͑Powertron 250 A, 10 Hz-1 MHz͒ and a secondary high voltage transformer ͑Industrial Test Equipment, 10 kHz-70 kHz͒. The output was measured through high voltage probes ͑Tektornix, P6015A͒ connected to an oscilloscope. The device was imaged using an Olympus 1 ϫ 71 microscope and an I-speed CDU camera system ͑Olympus America͒. A variable DC field was applied using an universal AC adapter ͑RCA AH5WH͒ that can output DC voltages ranging from 1.5-12 V-DC.
Particle suspensions comprised of 1 m and 5 m latex particles ͑Fluka, Sigma-Aldrich, USA͒ were suspended in deionized ͑DI͒ water ͑Millipore͒ in concentrations ranging from 10 4 -10 7 particles/ ml. S. cerevisiae, commonly known as baker's yeast ͑Fleischmann͒, was revived in a solution of warm water and sugar for 15 min. The suspension was then diluted in water to reach concentrations of 10 4 -10 6 CFU/ ml. S. cerevisiae, though nonpathogenic, is typically used as a model eukaryotic cell because of its relatively fast and simple growth process. It is also ideal for these experiments because it provides a large difference in bioparticle size, shape, and cell wall composition in comparison with the bacteria: 5 m versus 1 m, spherical versus rodshaped, and eukaryotic cell wall versus prokaryotic cell wall. E. coli ͑ATCC 700891͒ and B. subtilis were grown overnight in tryptic soy broth at a temperature of 37°C. The suspensions were washed and resuspended in saline to reach a concentration of 10 7 CFU/ ml. Both of these bacteria are rod-shaped with an aspect ratio of 1 : 0.5 m. Both E. coli and B. subtilis are used as model bacteria for most prokaryotic experiments. However, the main difference between the two types is that E. coli is a gram negative bacterium while B. subtilis is a gram positive bacterium. Thus E. coli has additional lipids and polysaccharides on the outer membrane of its cell wall while B. subtilis has a thick peptidoglycan wall.
Silver nanoparticles were synthesized by the method described by Lee and Meisel 26 at concentrations of 4 mM, with a diameter of roughly 80 nm. A Renishaw 2000 Raman microscope was used for all Raman analysis with a 514.5 nm laser for optimal surface-enhanced Raman scattering with the silver nanoparticles. The laser power was recorded at 15 mW for all experiments except for the B. subtilis, which had a lower intensity of 12 mW due to extended laser usage. After concentration, all samples were scanned under a 20ϫ objective.
Methods
As shown in Fig. 1 , the needle was suspended above the liquid surface at an angle of 45°and placed offset from the center of the reservoir in order to generate one large surface driven vortex. The particle suspensions were placed in the reservoir and subjected to a high frequency AC field for 15 min at a constant frequency of 40 kHz with a voltage ranging between 3 and 5 kV. The Raman microscope was then focused onto the packed mound and scanned for an extended spectrum for 30 s with 1 accumulation. For surface-enhanced Raman scattering, the bioparticle suspensions were mixed with the silver nanoparticles in a volumetric ratio of 3 : 1 L to reach a net volume of 160 L. The new suspension was then subjected to the same high frequency AC field for 15 min and scanned under similar conditions with the Raman microscope. Data capture and instrumentation control for the Raman microscope was carried out via the GRAMS software. The ASCII data was exported into Excel and MATLab for further data analysis.
RESULTS AND DISCUSSION
Latex particles
Using the square electrodes, a 150 L suspension of 5 m latex particles at a concentration of 10 6 particles/ ml was concentrated under an applied field of 3 kV p-p with a frequency of 40 kHz. A vortex encompassed the entire sample and immediately began to bring the particles to the stagnation point at the bottom of the reservoir. To contrast the effect of the packed mound, an image was taken prior to the application of the field, shown in Fig. 3͑a͒ , while Fig. 3͑b͒ was taken after a time lapse of 15 min of concentration. The mound of particles measured is ϳ200 m in diameter and it is clear that the particles not only concentrated to a small region in the x-y plane but also concentrated in the z-direction creating a three-dimensional mound. A suspension of ͑ϳ10 4 particles/ ml͒, was concentrated under similar electric field strengths and the concentrated mound measured to be roughly 100 m in diameter. A higher voltage was applied at a lower frequency, 3.72 kV p-p , 20 kHz, to reach higher velocities within the vortex. The image of the particles trapping at the stagnation point is shown in Fig. 4 with a time lapse of 2 min between each image. As can be seen in the images and the corresponding histogram of the trapping region as a function of time, a significant amount of particles were trapped at the stagnation region within 4 min of the applied field. After 12 min of trapping, the concentration of the packed mound continued to increase until it reached a maximum.
From the histogram it is clear that as the particles were concentrating, they were not expanding the trapping radius. This is most likely attributed to the high velocity of the vortex that continually swept the particles from the bulk towards the stagnation point instead of rolling the particles towards the stagnation region. The sedimentation force is proportional to the density difference between the particles, the media, and the particle volume. Since the density difference does not significantly vary for the particles and bacteria considered in this work, it is the length scale that determines the large particle size, the sedimentation velocity is much greater than the circulation velocity of the vortex and the particles settled to the bottom of the chamber. Once they had settled, the only way for the particles to trap at the stagnation point is for them to roll along the bottom of the reservoir towards the stagnation point. Therefore, at the stagnation point, the particles do not form a packed mound and instead form a monolayer of particles extending in the x-y plane. At very small particles sizes, the sedimentation velocity is much smaller than the circulation velocity and the particles are continually resuspended and no trapping occurred. Hence, for a small packed mound to form, the particle sedimentation velocity must be slightly greater than that of the circulation and resuspension velocity so that when the particles are trapped at the stagnation point they are convected to the stagnation region from the bulk.
The packed mound was then analyzed using Raman spectroscopy. The Raman spectrum of the latex particles is well characterized and can be found on the vendor's website. From the acquired Raman signal, significant peaks were found at 3058.7 cm −1 and 1002.4 cm −1 which are comparable to the peaks found in literature, verifying that the Raman shift can be detected on the concentrated mound.
S. cerevisiae concentration and detection
Mixtures of S. cerevisiae and nanoparticles were concentrated under similar conditions and scanned for their Raman shifts. The spectra for the mixtures, along with a pure S. cerevisiae suspension and a pure nanoparticle suspension are presented in Fig. 5 . The first spectrum taken with silver nanoparticles only produced a weak signal, as depicted by the black line in Fig. 5 , indicating that the nanoparticles did not introduce any additional peaks in the spectrum. A spectrum of a pure S. cerevisiae suspension of 10 6 CFU/ ml which was then concentrated using the spiral trap also produced a weak signal as depicted by the red line in Fig. 5 . The characteristic peaks that are found in literature for S. cerevisiae were not prevalent. 13 Thus, Raman scattering alone cannot produce a distinct signal in the short scanning time of the concentrated packed mound.
Mixtures of silver nanoparticles and S. cerevisiae ͑10 5 CFU/ ml͒ were then concentrated and scanned. A strong signal was produced, as depicted by the blue line in Fig. 5 , with distinct peaks that correspond to those found in the literature. A lower concentration of S. cerevisiae 10 4 CFU/ ml, mixed with 20 L of nanoparticles was also probed and found to produce strong signals, as seen by the green line in Fig. 5 , though of slightly less intensity than that of the previously mentioned mixture. The decrease in intensity between the two concentrations is not necessarily a linear relationship to the concentration of the sample. It is highly dependent on the concentration within the size of the beam. Though the concentration region is roughly 200 m, FIG. 5 . Raman spectra of the concentrated S. cerevisiae under a field of 3.96 kV and 40 kHz for 15 min: The black line represents the silver nanoparticles added to the bioparticle suspension and shows no additional peaks contributing to the spectrum. The red line represents a sample of S. cerevisiae alone and indicates the spectrum is weak and most peaks are indistinguishable. A mixture of S. cerevisiae, at a concentration of 10 5 CFU/ ml, and silver nanoparticles were concentrated and their spectrum is shown by the blue line, where distinguishable peaks are seen. A dilute suspension of S. cerevisiae ͑10 4 CFU/ ml͒ and silver nanoparticles is depicted by the green line, which also shows characteristic peaks, but at a lower intensity than the previous sample.
the concentration of bioparticles is not necessarily uniform across the entire region that is sampled with the beam size, roughly 50 m. Therefore, using Raman spectroscopy to quantify the concentration of bioparticles within the trapping region requires further calibration using different quantification techniques viz. cytometry, which was not examined in this work. Though SERS enhancement has been reported to reach orders of magnitude in the scattering enhancement, the experimental results shown are roughly only an order of magnitude in terms of intensity enhancement of the spectra. This lower enhancement level may be caused by an insufficient addition of nanoparticles such that not all the particles were able enhance the cells polarizability. However, as seen in Fig. 5 , even with the small quantity of nanoparticles that were added to the S. cerevisiae suspension, an order of magnitude of enhancement was detectable in the packed mound.
E. coli concentration and detection
Similar conditions as the S. cerevisiae were used to concentrate the E. coli at the stagnation point. Under an applied field of 3.96 kV p-p , 40 kHz, a sample of 10 7 CFU/ ml of E. coli was concentrated to an area of roughly 300 m wide. As can be seen in Fig. 6 , the E. coli were concentrated to a specific area, but the width of the concentrated area is much larger than that of the S. cerevisiae or the latex particles. Also, unlike the two previous experiments, the E. coli were reluctant to form a three-dimensional packed mound and only concentrated by extending out in the x-y plane. This might be due to the negative surface charge of the bacteria thus preventing them from aggregating. Due to their small size, roughly 1 m, in comparison to the latex particles and the S. cerevisiae, roughly 5 m, the body forces in attracting the E. coli to the electrode surface are much weaker, and are more subjective to the hydrodynamic recirculation; thus exemplifying that a critical angular velocity exists for the size of the bioparticles that can be trapped by pure gravitational forces. This occurs because if the angular velocity is too high, all the particles will be resuspended due to strong recirculation forces. Thus, there exists an optimal velocity range where trapping is maximized.
The local bacteria count at the stagnation point is still high and restricted to a small region on the gold electrode. Though this concentration is not as pronounced as with the larger bioparticles, the vortex through the sample is strong enough to convect the bacteria to the stagnation region and the gravitational force on the E. coli is large enough to prevent them from resuspending. 7 CFU/ ml͒. ͑a͒ E. coli spiraling towards the stagnation point, forming the "arms" of the spiral. ͑b͒ At the stagnation point, the 5 m latex particles and the E. coli are concentrated in the same spot, indicating the location of concentration is not size dependent. The E. coli also do not form the packed aggregates and the packed mound, instead expanding the concentration region in the x-y plane.
A Raman spectrum was taken of the concentrated stagnation region as depicted by the purple line in Fig. 7 . An additional spectrum was taken of the growth media, tryptic soy broth, to ensure that the sample was thoroughly washed and any remnants from the broth were not contaminating the E. coli spectrum, as seen by the blue line in Fig. 7 . Due to the various proteins and molecules present on the E. coli's surface, the peaks can represent various bonds from the complex molecules. The peaks listed for the E. coli spectrum and possible molecular structures that are commonly present as peaks in those regions are shown in the adjoining table in Fig. 7 . 12 It indicates the presence of a variety of organic and inorganic bonds, as is expected from a living organism.
B. subtilis concentration and detection
B. subtilis ͑ϳ10
7 CFU/ ml͒ was concentrated in a mixture of silver nanoparticles under the same applied AC field and ratio of nanoparticles to bacteria. The Raman spectrum taken of the B. subtilis produced less definitive peaks than the E. coli spectrum, possibly due to the decrease in the laser power intensity from 15 mW to 12 mW. However, observable peaks were still present to indicate differences in the spectrum when compared with the other bioparticles. In Fig. 8 , the three spectra corresponding to the S. cerevisiae, E. coli, and B. subtilis are shown with adjusted intensities to emphasize the differences in their Raman shifts. These differences in their peaks FIG. 7 . Raman spectra of the E. coli experiments: The purple line indicates the concentrated E. coli ͑ϳ10 7 CFU/ ml͒ under an applied field of 3.96 kV and 40 kHz for 15 min. Additionally, the growth media, tryptic soy broth is shown by the blue line to indicate that no additional peaks were contributing to the bacteria spectrum. A table of typical corresponding bonds found at the listed peaks that are typically found in literature, is shown adjacent to the spectrum.
FIG. 8. Combined spectra of S. cerevisiae, E. coli, and B. subtilis with their intensities adjusted to emphasize the differences in the spectra. Regions between 500 and 1000 cm −1 tend to hold the most characteristic peaks and can be seen to differ between the three spectra. The broad peak at 1500 cm −1 is apparent in both the S. cerevisiae and the E. coli spectra, however, the peaks on the top of this broad peak are different.
are comparably different and can be used as a way to differentiate between the three different bioparticles.
Spiral electrode
In order to lower the trapping criteria and enhance the trapping of submicron particles, additional electrodes were fabricated on the glass substrate in addition to the ground electrodes, as seen in Fig. 9 . With an additional applied field, the submicron bioparticles can be attracted to, and immobilized on the gold electrodes, not only enhancing the quantity that is trapped but also eliminating Brownian motion effects that are otherwise prevalent for the smaller particles. A 1 m latex particle suspension in DI water at a concentration of 10 5 particles/ ml was placed in the reservoir and concentrated under an applied field of 3.96 kV p-p and 40 kHz. Though the spiral electrodes were not connected, the 1 m particles still concentrated on an electrode surface, as seen in Fig. 10͑a͒ . The center of the spiral was placed near, but not directly on the electrodes, so as the particles were convected near the electrodes, they were attracted to the electrode surface. The induced polarization effect of the electrodes is attributed to the low conductivity of the medium ͑ϳ18 S/cm͒. A field gradient is generated in the bulk, polarizing the electrodes such that the particles will be attracted to one electrode. In contrast, for particles suspended in a highly conductive solution, such as saline, no field gradient exists and the electrodes cannot be polarized. 10 . Polarization of the spiral electrode due to the field gradients. ͑a͒ A field applied to a 1 m latex particle suspension where the spiral electrodes are not connected to any power supply. Due to the low conductivity of the solution, the electrodes become polarized and attract the particles to the electrode surface. ͑b͒ Upon removal of the applied AC field, a small 3 V-DC is applied across the two electrodes. The particles are immobilized on the electrode surface and nearby particles are attracted to the electrode.
The same experiment was repeated with the 1 m latex particles suspended in saline and the spiral flow was formed but no particles were attracted to the electrodes due to pure field gradient effects.
In the DI water experiments, upon removal of the AC field, the particles began to diffuse away from the electrode. Therefore, an additional field was applied to the spiral electrodes. If an AC field was applied, DEP forces would cause the particles to trap at the electrode edges and effects such as ACEO flow would cause the particles to resuspend. In contrast, under a DC field, the particles would be attracted and immobilized on only one electrode, which is already occurring due to the polarization. Thus, upon the concentration of the particles to the polarized electrode, a 3 V-DC field was applied to the secondary electrodes using the RCA universal AC adapter and connected such that the outer electrode of the spiral was connected to the positive terminal and the inner spiral to the negative terminal of the adapter. Because the latex particles have a slight negative charge, the positive terminal is desired for the outer electrodes since the particles are already attracted and located near this electrode. Upon connection of the adapter, the particles became trapped to the entire electrode surface and nearby particles can be seen being attracted to the positively charged electrode, as seen in Fig. 10͑b͒ . When the terminals were switched, the particles were attracted to the opposite electrode, thus confirming that the particles attractive force is due to the electrophoretic attraction between the particle and the electrode. This secondary electrode increased the trapping efficiency of micron and submicron particles and immobilized these particles to the electrode surface, eliminating effects due to Brownian motion and like charge repulsion effects.
CONCLUSION
Using a discharge driven vortex, we have been able to concentrate 150 l bioparticle samples with a concentration as low as 10 4 CFU/ ml within 15 min and obtain characteristic Raman spectra using silver nanoparticles. We were able to create a locally high concentration of bioparticles from a dilute sample and then proceeded to detect and identify the sample using surface-enhanced Raman scattering. Typical Raman spectroscopy requires high concentrations of their analyte, around 10 9 units/ ml. We have used a sample of 10 4 CFU/ ml and were still able to obtain a characteristic spectrum within 15 min showing the advantage of preconcentration with the vortex flow. Further developmental work towards creating a more portable chip-size detection system using the discharge driven vortex and Raman spectroscopy include substituting the AC wave-form generator with a hand-held generator and designing fiber optics that are capable of detecting the Raman scatter for on-chip analysis. 27 This is presently being carried out.
